mangio-endothelioma was found in the liver, the only mosaic tissue, of one of the chimeric mice. Nine different rat-specific enzyme variants were detected in the mosaic organs. A considerable number of variations concerning the presence and quantitative activity of the foreign gene products probably resulted from chromosomal segregation, tissue-specific gene activity, or dosage compensation during differentiation in vivo. Our results demonstrate that cultured malignant rat-mouse hybrid cells differentiate normally and become functionally integrated during development. The appearance in vivo of certain rat-specific gene products that are not found in the hybrid cells under conditions in vitro indicates differential gene expression of the introduced xenogeneic chromosomes.
During the past few years, several mouse teratocarcinoma cell lines have been established under in vitro culture conditions and shown to be capable of differentiating into various tissue structures (1) . The undifferentiated stem cells, called embryonal carcinoma cells, retain their malignant properties and form teratocarcinomas after subcutaneous injection into syngeneic adult mice (2) . However, because the in vitro assay systems are generally limited with respect to normal growth and differentiation (3), a more favorable environment is provided when teratocarcinoma cells are injected into the blastocysts in order to reveal their full potential in chimeric mice (4) .
By following such an experimental scheme, it has recently been shown that embryonal carcinoma cells lose their malignant properties in the embryonic environment, become functionally integrated during development, and even contribute normally to those adult tissues not seen before in the solid tumors (5) . In this way, teratocarcinomas cultured in vitro have proven to be capable of participating in normal differentiation of the coat and several internal organs (6) . In the present study, we describe the successful transplantation of in vitro cultured rat-mouse hybrid cells, demonstrate their functional integration and normal contribution to a limited number of adult tissues, document the presence of several rat-specific gene products in these mosaic tissues, and discuss our findings in relation to differential gene expression of the introduced genetic material during organogenesis.
MATERIALS AND METHODS Selection of Hybrid Clones. TK-deficient OTT6050 mouse teratocarcinoma cells were fused with HPRT-deficient Fu5AH rat hepatoma cells in the presence of inactivated Sendai virus, according to established procedures (11) . Hybrid cells were selected and maintained in hypoxanthine/aminopterin/ thymidine (HAT) medium (12) . Karyologic Analysis. Cells from both parental and hybrid lines were prepared for chromosome banding by a modified trypsin-Giemsa staining technique (13) . At least 15 different metaphases of cells from each clonal line were studied for rat and mouse chromosomes distinguishable by their characteristic banding patterns (Fig. 1) .
Collection of Embryos and Hybrid Cells. On the fourth day after coitus, pregnant females of the inbred strains C57BL/6J (BL6), SJL/J, and CBA/H-T6J were killed and their uteri were flushed with medium to collect the embryos. Only well-ex- panded blastocysts were transferred into a drop of Ca2+-free Dulbecco's modification of Eagle's medium supplemented with bovine serum albumin (10 mg/ml) and Hepes (10 mM), then stored under halofluorocarbon oil (Voltalet 10S).
Hybrid cells were collected from the culture flasks as described (10) . Because of variations in cell volume and shape, only medium-size round cells were selected for injection.
Micromanipulation. Single hybrid cells were injected into BL6 blastocysts according to established procedures (9) . After about 2 hr of incubation in vitro in regular Dulbecco's modified Eagle's medium, the experimental BL6 blastocysts together with some control SJL/J or CBA/H-T6J blastocysts were microsurgically implanted into the uteri of pseudopregnant (C57BL/lOWt X SJL/Wt) F1 or ICR females (day 3 postcoitus).
Tissue Analysis. The experimental BL6 mice were autopsied at postnatal age 3-10 months and their tissues were prepared for enzyme analysis, histology, and subcutaneous transplantation tests.
Mouse strain-specific variants of glucose phosphate isomerase (GPI) in blood cell lysates and tissue homogenates were determined on cellulose acetate plates (14) , whereas mouse-and rat-specific GPI variants could be separated on starch gels (15) . Electrophoretically different forms of mouse and rat galactokinase (GLK) were assayed on starch gels by fluorescent staining techniques (16) . Cell extracts were prepared from those tissues found to be mosaic after GPI and GLK analyses and examined on starch gel electrophoresis for the following enzymes: nucleoside phosphorylase (NP) and tripeptidase-1 (TRI-1) (17); enolase-1 (ENO-1) (18); lactate dehydrogenase (LDH) (19) ; glycerol-3-phosphate dehydrogenase (GPD), alcohol dehydrogenase (ADH), and aldolase (ALD) (20) .
RESULTS
After Sendai virus-mediated fusion between TK-mouse teratocarcinoma cells and HPRT-rat hepatoma cells, the resulting hybrid cells were selected and clonally established in HAT medium. Four independent rat-mouse hybrid clones retained their malignant properties when injected under the skin or in the kidney capsules of athymic nude mice, although these tumors differed morphologically from both parental phenotypes (21) . Whereas the mouse parental cell line differentiated as a multipotential teratocarcinoma into many kinds of tissues and the rat parental type formed hepatomas, the hybrid cell-derived tumors were composed predominantly of clusters of undifferentiated tumor cells. . No liver-specific functions such as albumin production or expression of a corticosteroid-inducible tyrosine aminotransferase (EC 2.6.1.5) were detected in the hybrid cells (21) . Karyologic analysis of the hybrid cells indicated that they had retained most of the mouse and various numbers of rat chromosomes with numerous chromosomal rearrangements (Fig. 1) .
Single rat-mouse hybrid cells from the AsS hybrid clone were injected into 179 blastocysts, of which 144 were surgically implanted into pseudopregnant foster mothers to allow development to term (Fig. 2) Experimental scheme of cycling rat-mouse hybrid cells through mice via blastocyst injection. TK-mouse teratocarcinoma cells and HPRT-rat hepatoma cells were fused by use of inactivated Sendai virus and selected in HAT medium, in which only the hybrid cells could survive. These cells were then injected singly into BL6 blastocysts carrying several genetic markers, thereby enabling any in situ differentiation of the cell hybrids. After microinjectioP, the blastocysts had to be surgically implanted in pseudopregnanrt ter mothers to allow development to term. The experimental offspring were analyzed for hybrid-cell contributions to the coat, internal organs, and germ line. cells (Fig. 3A) . In chimeric mouse B, a male 4 months of age, only two organs, the liver and lung, showed the teratocarcinoma strain-specific GPI variant (Fig. 3B) . Chimeric mouse C, a male 4 months of age, revealed at autopsy an abnormally enlarged liver with globular irregularities of the first lobe. The particular area as well as the remaining liver expressed both the mouseand rat-specific GPI patterns. No other tissue was found to be mosaic, as judged from enzyme analysis (Fig. 3C) . The abnormal liver lobe showed morphological features typical of a hemangio-endothelioma (Fig. 4) . All the other mosaic organs of the three chimeric mice did not reveal any kind of morphological abnormality when examined in serial sections.
After the GPI tests had been completed, only the mosaic tissues were further analyzed for a number of different enzymes that allowed us to distinguish between rat and mouse gene products. The electrophoretic analyses of these enzymes showed that, in addition to GPI, eight rat-specific variants could be detected in the different mosaic tissues (Table 1) . However, these rat enzymes were not always present in all of the mosaic organs; rather, there was considerable variation observed concerning the presence and activity of the rat-specific gene products (Fig. 5) . The absence of the enzymes GPD, ADH, and ALD in the hybrid cell line and their appearance in some of the mosaic tissues demonstrated that these rat genes, inactive in vitro, became activated in vivo. DISCUSSION We recently showed that in vitro cultured malignant hybrid cells between mouse teratocarcinoma and human fibrosarcoma became normalized during in vivo differentiation and functionally contributed to the coat and several internal organs of chimeric mice (10) . In this particular hybrid clone, at least human chromosome 17 was retained as the xenogeneic chromosome carrying the genes for TK and GLK. The latter enzyme served as a useful biochemical marker for detecting the human gene product in the hybrid cell. However, after analysis of the mosaic tissues for the presence of human enzyme activity, it was found that only the heart of one chimeric mouse and the kidneys of another weakly expressed human-specific GLK. The failure to disclose human GLK in the other mosaic tissues may have resulted from, among other possibilities, the loss of human chromosome 17 during development in the absence of selective pressure to retain it.
It therefore seems more favorable to utilize a hybrid cell line containing several xenogeneic chromosomes. In this way, cell hybrids between mouse teratocarcinoma and rat hepatoma that retained almost all the mouse and various numbers of rat chromosomes might be a more reliable source as far as the detection of the foreign gene products is concerned. After the injection of single rat-mouse hybrid cells into genetically different blastocysts, three chimeric mice developed with substantial hybrid cell-derived proportions in a limited number of organs of endomesodermal origin. All three chimeras showed hybrid cell participation in the liver; of these, one developed a tumor classifiable as hemangio-endothelioma. In this particular instance, the cell progeny of the injected hybrid cell might have contributed to the liver endothelium. For some unknown reasons, however, this differentiation phenotype did A TT T MT5 7T T 9 0 1 2 13 14 15   FIG. 3 . Cellulose acetate electrophoresis of mouse strain-specific enzyme variants of GPI in cell extracts from various organs of chimeric mice A, B, and C. Slots: 1, 50:50 control mixture of slow-migrating strain 129 and fast-migrating strain BL6 types; 2, blood; 3, brain; 4, spleen; 5, heart; 6, kidneys; 7, gonads; 8, skeletal muscle; 9, liver; 10, intestinal tracts; 11, pancreas; 12, thymus; 13, lung; 14, adipose tissue; and 15, salivary glands. In chimeric mouse A, the kidneys, liver, intestinal tracts, lung and adipose tissue, in chimeric mouse B, the liver and lung, and in chimeric mouse C, only the liver showed teratocarcinoma strain-specific GPI activity derived from the hybrid-cell progeny. The rat-specific GPI band was not detectable under these electrophoretic conditions (for rat GPI, see not remain stable throughout development. If the injected hybrid cells, because of the rat hepatoma parent, channeled preferentially into liver differentiation, we should be able to obtain additional mice with liver mosaicism in future experiments with this hybrid cell line. Such a preference for a particular development pathway would have immediate implications for cell lineage analysis, which is usually obscured by the random integration of injected normal cells (22 While the cell hybrids usually formed malignant tumors in athymic nude mice, at least some of these tumor cells were still capable of reverting to a normal phenotype in the embryonic environment. The frequency of chimerism (about 5%) is approximately the same as that obtained with human-mouse hybrid cells (about 7%) (10) but is significantly lower when compared with the mouse teratocarcinoma parent (25%) (9) . This lower frequency possibly results from chromosomal aberrations, aneuploidy, and introduction of foreign chromosomal fragments or entire chromosomes during culture in vivo.
Reversion of malignancy seems more surprising because, on the one hand, the hybrid cells formed undifferentiated tumors when injected into nude mice and, on the other hand, differentiated normally into liver, lung, kidney, gut, and fat pad during in situ organogenesis. However, a comparable situation occurred with the human-mouse hybrid cells, which produced undifferentiated tumors and rhabdomyosarcomas in nude mice but contributed normally to a number of different tissues in chimeric mice (10) . It seems as if the prospective potential of the malignant hybrid cells remains limited in the adult host and will be revealed only in the environment of the embryo. At present, nothing is known about the mechanisms that enable an originally malignant cell to take part in normal development, nor do we have any insight into their mode of action during cellular reprogramming.
But what happened to the rat chromosomal genes in the chimeric mice? Because the rat-mouse hybrid cells retained several rat chromosomes, it was possible to detect nine different rat-specific enzymes in the various mosaic tissues ( Table 1 ). The appearance in vivo of rat gene products not detectable in the hybrid cells in vitro and the formation of heteropolymers with the corresponding mouse enzyme (e.g., GPD) indicate differential regulation of the rat genes during mouse development. The synthesis of adult-specific enzyme variants (e.g., LDH-5) further demonstrates the functional modulation of the xenogeneic genes during organogenesis. Extending this kind of analysis to other genes (including X-chromosomal ones) should reveal their developmental stage-specificity and ultimately yield insight into the processes that control gene activity during mammalian differentiation.
